Introduction
[2] Nitrogen (N) is widely recognized as the proximal limiting nutrient in much of the surface ocean [Howarth and Marino, 2006] . N 2 -fixation provides a source of truly new N to the photic zone, the magnitude and distribution of which has implications for the functioning of the biologically mediated transfer of carbon to deep waters [Eppley and Peterson, 1979] (biological pump). N 2 -fixation research has focused on the tropical and subtropical North Atlantic [e.g., Carpenter and Romans, 1991; Capone et al., 2005] and, more recently, the North Pacific [Karl et al., 1997; Dore et al., 2002] , while research in the southern hemisphere gyres is just beginning. N 2 -fixation might be low in the southern gyres because the delivery of dust rich in Fe is both modeled and measured to be low compared to their northern counterparts [Han et al., 2008; Mahowald et al., 2005] . Global estimates of N 2 -fixation based on direct measurements rely heavily on data from the northern hemisphere, but our ability to predict the importance of N 2 -fixation on the carbon cycle depends upon understanding the true global distribution of this process.
[3] Recently, a model study of nutrient ratios in surface waters suggested that the greatest amounts of N 2 -fixation are not occurring in the inorganic N poor waters of the gyres, where research has been focused, but rather is closely coupled to areas of denitrification through the upwelling of waters that are depleted in N relative to phosphorus (P) [Deutsch et al., 2007] . However, much of these waters contain significant amounts of N, making it hard to reconcile with the current view of the ideal environmental conditions for oceanic N 2 -fixation. Some analyses of the global N budget currently show an imbalance, with sinks (denitrification and anammox) far outweighing sources (N 2 -fixation) [Codispoti, 2007] . If this is indeed correct, undiscovered N 2 -fixation near upwelling regions could be important for bringing the N budget into balance. The Benguela Upwelling System, the most productive upwelling zone in the world [Carr, 2001] , is one of the areas where Deutsch et al. [2007] predict high N 2 fixation rates, and thus provides an opportunity to test their hypothesis.
[4] N 2 -fixation in the open ocean is carried out by a small number of groups of prokaryotes. Trichodesmium, a nonheterocystous filamentous cyanobacterium has been the most well studied, but unicellular diazotrophs are also quantitatively important and contribute significantly to N 2 -fixation [Montoya et al., 2004] . This group includes UCYN-A, a putative cyanobacterium lacking photosystem II [Tripp et al., 2010] ; group B, or Crocosphaera watsonii; and the unidentified UCYN-C . In specific locations, heterotrophic bacteria or diazotrophic symbionts of diatoms (Richelia) may also be important [e.g., Foster et al., 2007 Foster et al., , 2009 . To assess diazotrophic abundance and activity in the South Atlantic in austral spring 2007, we measured the rate of N 2 -fixation using 15 N 2 uptake across the gyre and into the Benguela Upwelling System, used a quantitative PCR method (qPCR) to detect unicellular cyanobacterial groups UCYN-A and Crocosphaera, and looked for Trichodesmium and Richelia with net tows and microscopy.
Methods

Sample Collection
[5] Samples were collected in the South Atlantic on a cruise on the R/V Knorr in November and December of 2007, timed to occur during a period of simultaneous upwelling and low dust input. Temperature and salinity data were collected with a CTD sensor attached to a sampling rosette. Surface water samples for both N 2 -fixation and nifH gene copy analysis were collected off a surface pump deployed at 8 m, while depth profile samples for N 2 -fixation and nifH gene copy were sampled off a CTD rosette at depths of 20, 40, 70, and 110 m. Incubation bottles were acid washed and rinsed with milli-Q water before each incubation. Samples for nutrient analysis were collected from a trace metal clean rosette sampler at a depth of 10 m.
N 2 -Fixation Measurements
[6] N 2 -fixation was measured with a stable isotope enrichment method in whole water samples. 4.5 L polycarbonate bottles were filled with sample water, air bubbles were removed, bottles were tightly capped with a septa cap and 3 ml of 15 N 2 gas added. After a 24 hour incubation in a deckboard incubator flushed with flowing seawater, samples were filtered onto pre-combusted GF/F and frozen for later analysis. The 8 m samples were incubated at 40% incident light and the 20-70 m samples were incubated at 30% incident light. Because of the potential light dependence of N 2 -fixation and the attenuation of light through the water column, integrated rates may be overestimated slightly at stations in the gyre, however, in the upwelling, the very strong attenuation of light could have led to N 2 -fixation rate underestimation.
[7] In the lab, samples were dried and pelletized in aluminum foil, then analyzed for N content and stable isotope mass ratio (d 15 N) at the UC Davis Stable Isotope Facility. d
15 N values were corrected using internal standards, and the limit of detection (below which d
15 N values were unreliable) was 1 mmol N. N 2 -fixation rates were calculated as described previously [Montoya et al., 1996] . At stations where biomass was high enough, some samples were filtered through a 10 mm polycarbonate filter then caught on a GF/F after incubation, to see if N 2 -fixation could be attributed to the <10 mm fraction.
The nifH Copy Number
[8] Raw seawater (2 L) for DNA samples were filtered through 10 mm, polyester filters (Osmonics, Inc.) in-line with 0.2 mm Supor filters (Pall Corporation) held in Swinnex filter holders (25 mm in diameter, Millipore) using a peristaltic pump. Filters were then placed in 2 mL bead-beater tubes (Sarstedt) with a mixture of 0.1 mm and 0.5 mm glass beads (BioSpec Products), kept in liquid nitrogen while at sea, and stored at −80°C in the lab until extracted.
[9] DNA was extracted following the Qiagen DNeasy Plant Mini Kit protocol with minor modifications. The protocol supplied by the manufacturer was followed with the addition of a 2 minute bead-beating step, followed by the addition of 45 mL Proteinase-K solution (Qiagen), and a 1 hr incubation at 55°C with moderate shaking.
[10] nifH gene abundance was estimated for Group A and Group B unicellular diazotrophs, the het-1, het-2 and het-3 heterocystous groups and a gamma proteobacteria by quantitative polymerase chain reaction (qPCR) using previously designed primer-probe sets [Church et al., 2005] . Run in triplicate, 2 mL of extracted DNA was added to 23 mL qPCR reaction mixture containing 1 mL of each primer, 0.5 mL of probe, and 2x Master Mix (Applied Biosystems). The thermal cycling used for amplification began with a 2 minute step at 50°C and a 10 minute step at 95°C, followed by 45 cycles consisting of 15 seconds at 95°C and 1 minute at 60°C. Amplifications were done on the Applied Biosystems 7500 Real Time PCR machine using the 7500 System SDS software. A standard curve was created by using a series of eight 10-fold diluted standards, in duplicate. At least three No Template Controls were used as negative controls for each qPCR plate.
The dFe and Nutrient Concentrations
[11] Dissolved metal samples were collected by clean rosette and 8L X-Niskin sampler bottles on a non-metallic wire. Seawater was filtered through 0.4 mm polycarbonate filters in a clean environment into low-density polyethylene bottles and acidified to pH 1.7 using HCl (Seastar). Total dissolved iron was measured by inductively coupled plasma mass spectrometry (Thermo Element 2) as previously described [Saito and Schneider, 2006] . Briefly, 13 mL aliquots of acidified seawater were weighed into acid-leached polypropylene centrifuge tubes, spiked with 57 Fe for isotope dilution analysis and allowed to equilibrate overnight. Concentrated ammonium hydroxide (Seastar) was added to induce Mg(OH) 2 and trace metal co-precipitation for 3 minutes, followed by centrifugation for 3 minutes at 3000rpm (1460 × g). The sample was decanted, centrifuged and decanted again, and the pellet was re-dissolved in 5% nitric acid (Seastar) with 1ppb indium. The 5% nitric acid resuspension solution was used to determine the iron blank, and signal suppression due to matrix effects was accounted for using a ratio of the indium in the blank and sample. SAFe seawater intercalibration standards were analyzed at the beginning of each analysis day with iron concentrations of 0.96 ± 0.095 nM for D2 and 0.125 ± 0.046 for S1 (n = 10), which are within the reported ranges of 0.91 + 0.17 nM and 0.097 + 0.043 nM . SRP and NO 3 − concentrations were determined using a continuous flow nutrient autoanalyzer and standard colorimetric methods (http://chemoc.coas.oregonstate.edu/∼lgordon/).
Results and Discussion
[12] Surface temperatures were near 26°C in the western South Atlantic gyre and decreased across the basin to as cold as 16°C in the upwelling region (Figure 1a) . The relatively high temperatures at stations 17, 18 and 19, indicate that these waters are part of the Angola-Benguela Frontal Zone, or ABFZ, that occurs around 15°S [Kostianoy and Lutjeharms, 1999] . Temperatures below 25°C are known to substantially reduce the growth rate of Trichodesmium [Breitbarth et al., 2007] , so it is not surprising that it was not seen in net tows throughout the entire cruise track. Nitrate (NO 3 − ) concentrations in surface waters ranged from below detection to ∼0.2 mM in the gyre, but were much higher, ∼5-27 mM, in the ABFZ and Benguela Upwelling System. Surface soluble reactive phosphorus (SRP) concentrations were high in the gyre, ∼0.15-0.25 mM, compared to the North Atlantic, where surface values are generally below 0.05 mM [Sohm and Capone, 2010] . The total dissolved iron (dFe) concentrations in surface waters (10 m) were also low in the gyre, ranging from 0.08 -0.34 nM, and much higher at the upwelling stations, up to 2.4 nM.
[13] N 2 -fixation was detected in whole water surface samples (8 m depth) at many stations, but at generally low rates (Figure 2) . N 2 -fixation was very low (<0.6 nmol N l
) or below detection in the central gyre while in the eastern gyre, from 2.5°W to 7.5°E, rates were somewhat higher at ∼1 nmol N l
. The highest rates seen on this cruise were in the ABFZ and the Benguela Upwelling System (∼2-8 nmol N l (Table 1) . Staal et al. [2007] investigated N 2 -fixation activity at the same latitudes as this study using an on-line acetylene reduction technique and found no activity, although their research was carried out in January and February when upwelling intensity seemed to be low (based on temperature). Size fractionation showed that N 2 -fixation was occurring in both the >10 mm and the <10 mm fraction at stations 17-25. The small size fraction accounted for only 20-35% of the total activity at stations 19-21 (Figure 2 ). This may be accounted for by the aggregation of small cells, attachment of small diazotrophs to particles, or the possibility that UCYN-A is a symbiont or lives in association with a larger organism [Tripp et al., 2010] .
[14] Crocosphaera and UCYN-A were detected but not quantifiable at many stations. UCYN-A was also found at very high abundances in the ABFZ stations 17 and 19 ( Figure 3 , Table S1 of the auxiliary material).
1 Richelia was not observed microscopically.
[15] Low temperature waters have not traditionally been seen as areas of N 2 -fixation, however recent studies are beginning to show the occurrence of activity in colder waters. Holl et al. [2007] found rates off the west coast of Australia at temperatures of 15-18°C comparable to our study in the South Atlantic Gyre, Needoba et al. [2007] measured similar rates in waters <19°C off the coast of California, and Rees et al. [2009] found rates of an order of magnitude higher in the English Channel at temperatures of 18-20°C. However, NO 3 − concentrations were low in all three studies [Holl et al., 2007; Needoba et al., 2007; Rees et al., 2009] .
[16] Waters with NO 3 − concentrations near the detection limit and relatively high SRP are typically considered ideal for N 2 -fixation, however, this was not the case at the time of this cruise. Rather, N 2 -fixation in whole water samples was undetectable or extremely low in the South Atlantic gyre. Moore et al. [2009] also found little to no N 2 -fixation on a meridional transect through the South Atlantic, and hypothesized that the very low dFe concentrations there prevented substantial activity. dFe concentrations measured in surface waters (10 m) on this zonal transect through the gyre were ≤ 0.34 nM, possibly low enough to prevent the growth of diazotrophic organisms. In fact, whole water N 2 -fixation rates for the entire cruise were highly positively correlated to surface dFe concentrations (r 2 = 0.82, p < 0.001). However, N 2 -fixation was also significantly correlated to NO 3 − and Figure 2 . SRP concentrations (r 2 = 0.78, p < 0.002 for both correlations). This arises from the fact that dFe, NO 3 − and SRP were significantly correlated to each other in surface waters (r 2 > 0.89, p < 0.001) and suggests that the major source of dFe to surface waters in this region at the time of this study was not atmospheric dust inputs (in fact the cruise was designed to occur in a low dust flux period). Rather, observations of large plumes of iron and cobalt emanating from the ABFZ region at intermediate depths during this cruise suggest the source of Fe is the resuspension and dissolution of metals from shelf sediments in contact with low oxygen waters (Noble, A.E., M.A. Saito, C.H. Lamborg, D.C. Ohnemus, P. J. Lam, T.J. Goepfert, C.H. Frame, K.L. Casciotti, and J. Jennings, Basin-scale inputs of cobalt, iron, and manganese from the Benguela-Angola front into the South Atlantic Ocean, submitted to Limnology and Oceanography, 2011). In addition, much of the South Atlantic gyre region is predicted to have low atmospheric iron inputs, particularly in relation to the large inputs from the Saharan desert that occur in the North Atlantic [Mahowald et al., 2005] .
[17] While dFe and SRP concentrations were likely high enough in the ABFZ and Benguela Upwelling System to support N 2 -fixation, interestingly, NO 3 − concentrations in the micromolar range did not inhibit N 2 -fixation. In fact, the highest rate measured in whole water samples (7.5 nmol l −1 d −1 ) was found at the station with very high NO 3 − (21 mM). Additionally, UCYN-A was highly abundant in waters with ∼5 mM NO 3 − , but shows no evidence of having NO 3 − transporters or NO 3 − reductase in its genome (Tripp et al. [2010] did not report a NO 3 − transporter in their analysis of transporters present, and the absence of any known NO 3 − transporter was confirmed by Rapid Annotation using Subsystem Technology (RAST) comparison of Cyanothece str. 51142 transporters to UCYN-A (H.J. Tripp, unpublished data, 2011) ). These discoveries show that high NO 3 − concentrations do not necessarily preclude the presence of diazotrophs or N 2 -fixation, although N 2 -fixation could be somewhat reduced at these concentrations compared to what it would be if the water were devoid of NO 3 − , and that N 2 -fixation can occur near areas known to support denitrification, as predicted by Deutsch et al. [2007] . It is difficult to reconcile these results with conventional wisdom regarding the environmental conditions that promote N 2 -fixation, and it suggests a poor understanding of the environmental conditions experienced by diazotrophs on the cellular scale: perhaps there are unrecognized microzones of low fixed N related to particles that promote N 2 -fixation, the timescales of exposure to fixed N are incongruent with the timescale of regulation of N 2 -fixation, or oceanic N 2 -fixation may not be regulated at environmentally relevant concentrations of fixed N in all oceanic diazotrophs.
[18] The whole water N 2 -fixation rates measured in the ABFZ and northern Benguela Upwelling System are comparable to surface rates seen in areas classically considered important locations of N 2 -fixation: the oligotrophic areas of the North Atlantic (∼200 mmol N m
) and North Pacific (∼20-110 mmol N m −2 d −1 over an annual cycle) [Moore et al., 2009; Grabowski et al., 2008] . The depth integrated rate at station 19 (85 mmol N m −2 d −1 ) was also comparable to these locations, while the rates calculated in the gyre, although low by comparison, were measurable. N 2 -fixation has also been seen at one station in the upwelling region off central Chile [Raimbault and Garcia, 2008 ], but our study shows that N 2 -fixation can be widespread in an upwelling region with high NO 3 − concentrations, sometimes at high rates, and in both the <10 and >10 mm fractions. It is important to note, however, that Staal et al. [2007] did not detect N 2 fixation in an area near our study, but at a time when upwelling did not appear to be strong.
[19] The organisms likely responsible for this activity could only be identified at stations 17 and 19. UCYN-A cyanobacteria were present at these stations in high abundance. At all other stations, N 2 -fixation could not be specifically attributed to UCYN-A or Crocosphaera, based on qPCR analysis of DNA. Furthermore, Trichodesmium was never seen in net tows, nor were heterocystous diatom symbionts seen in microscope slide samples. Station 20 samples, where surface N 2 -fixation rates were highest, were also tested for the presence of a third unicellular cyanobacteria (UCYN-C), three heterocystous symbiotic species (het-1, het-2, het-3) and one group of gamma proteobacteria using qPCR; all were not detected in the 0.2-10 mm fraction while het-1 and het-2 were detected but not quantifiable in the >10 mm fraction. Undetectable or unquantifiable densities of cyanobacterial diazotrophs may be able to carry out N 2 -fixation at measurable rates. Alternatively, we suggest that heterotrophic bacteria could also be responsible for the activity in the upwelling regions, in both free-living and particle associated forms, as evidenced by the presence of activity in whole water samples and, at lower rates, in the <10 mm fraction. In fact, Langlois et al. [2008] did find gamma-proteobacteria to be widespread in the North Atlantic. If the organisms fixing N in the Benguela Upwelling System are heterotrophic, it is unclear how they would deal with potential oxygen poisoning or what the source of organic carbon is, although particle association could be one solution.
[20] To estimate the contribution of the Benguela Upwelling System to marine N 2 -fixation, the depth profile from station 19 was used as a model of the percent decrease in activity with depth. This model was applied to stations in the upwelling region where N 2 -fixation was measured, the surface value being used to estimate N 2 -fixation at different depths and then water column integrated values. These values were averaged for each of three geographic ranges of the Benguela described by Carr [2001] , 500 miles offshore at 15-19, 19-24 and 24-29°S, and multiplied by the surface area of those geographic ranges. Adding these values together and assuming an upwelling period of 100 days gives a final estimate of 5.5 × 10 9 mol N y −1 (or 0.077 Tg N y −1 ). It is important to note that the depth profile from station 19 is not necessarily representative of other stations in the upwelling region, however, this is a first approximation and is likely within the range of the true value.
[21] These data show that the South Atlantic Gyre has low potential for supporting N 2 -fixation and serve to extend the range of N 2 -fixation into the Benguela Upwelling System, specifically, and potentially into cold, nutrient-rich waters in general. Some estimates of the marine N cycle suggest that inputs and outputs are currently unbalanced [Codispoti, 2007] , with outputs (denitrification and anammox) far outweighing inputs (N 2 -fixation). If N 2 -fixation is found to be widespread in upwelling regions, this could help to reconcile the nitrogen budget imbalance. Furthermore, our data imply that unidentified diazotrophs may be fixing N 2 in upwelling regions. Heterotrophic bacteria are one possibility; however, careful experiments in future studies are needed to substantiate this hypothesis and determine the organisms responsible and the adaptations that they possess.
